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Despite the rapidly increasing power conversion efficiency (PCE) of organic solar cells (OSCs), the involved light-
harvesting materials in excellent devices still suffer from tedious and inefficient synthesis. This creates one rather
challenging issue for both further optimization in lab and large-scale production of OSCs. Herein, based on a
pyran-fused backbone, an accessible and largely promising feasible non-fullerene acceptor (NFA) FOEH-2F has
been designed and efficiently synthesized, which displays a much stronger near-infrared absorption and more

compact molecular packing with respect to that of its control molecule F-EH-2F. As a result, OSC based on FOEH-
2F affords a considerable PCE of 15.51%, the highest performance reported to date for pyran-fused NFAs.

1. Introduction

As one of the sustainable solar energy-harvesting technologies,
organic solar cells (OSCs) have drawn considerable attentions owing to
its great potential for solution-processed large-area production, flexible
and wearable devices, and semi-transparent/indoor photovoltaic ap-
plications [1-7]. In the past decades, tremendous progress of OSCs
should be mainly attributed to the invention of novel light-harvesting
materials. Among them, the recently developed non-fullerene accep-
tors (NFAs) with an acceptor-donor-acceptor (A-D-A) architecture have
attracted extensive attentions due to their distinctive advantages of su-
perior charge separation and transport features originating from their
unique frontier electron density distributions [8-11]. Especially in 2019,
a Y-series acceptor, e.g., Y6, emerged as a new-generation NFAs, and
following this, further chemical modifications on its central units
[12-17], spacers [18-20], side chains [21-25] and end groups [26-33]
have boosted the PCEs of state-of-the-art OSCs towards 20% [34-36].
However, when taking the absorption of the applied Y-series NFAs into
consideration, there are still much room for extending the absorption
onset to approach the theoretical PCE of OSCs. Furthermore, in terms of

the synthesis of Y-series molecules, several vital challenges including the
complicated structures of building block, rigorous reaction conditions
and low yields have made the best Y-series rather challenging for scal-
able production at the current stage [37-41]. Fortunately, in view of the
vast diversity of chemical structures of organic materials, there is no
doubt that more molecules affording performances similar or even
better than those of Y-series NFAs might be designed and efficiently
synthesized through more straightforward synthetic routes. Hence,
further innovative exploration for light-harvesting materials combining
both efficient synthesis and high PCEs, is not only indispensable for
large-scale production of OSCs but also highly important in view of the
property-structure relationship understanding.

Fluorene as a planar and rigid skeleton is widely available and has
been firstly applied into the fused ring NFAs by our group to construct
FDICTF molecule [42]. Note that the central donor part of FDICT can be
efficiently synthesized and easily scaled up to 10 g in laboratory. Later,
by combining fluorene based central donors with different
electron-withdrawing terminals, a series of NFAs, e.g., F-2F, F-Br and
FDNCTEF, have been developed [43-45]. A systematical investigation of
OSCs based on above F-series NFAs demonstrates rather favorable
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characteristics of both high open-voltage (V,.) and fill factors (FF),
leading to very encouraging PCEs of 13.8% and 17.3% for single junc-
tion and tandem devices, respectively [46,47]. However, during the
efforts to further improve the PCEs of F-series NFAs based devices, we
found that the relatively small short current density (Js.) caused by their
insufficient light-absorption is the major limitation to further enhance
their performance [1,48-50]. Importantly, based on our semi-empirical
model for efficient OSCs, over 20% PCEs can be achieved immediately if
the range of absorption onset is extended to 950-1100 nm for a single
junction OSC on the basis of average external quantum efficiency (EQE)
of 80%, energy loss (Ejoss) of below 0.45 eV and FF of 80% [43,47].
Therefore, further enhancing the near-infrared (NIR) absorption of
structurally simple F-series NFAs by chemical modification has been
regarded as one important approach to achieve state-of-the-art OSCs and
beyond for potential commercial application in the near future.

With these in mind, two A-D-A-type NFAs, denoted as F-EH-2F and
FOEH-2F (Scheme la), were designed and synthesized. It is worth
noting that both acceptors can be easily available in a few steps with
high yields from commercial raw materials, demonstrating their great
potential to meet the easily synthesis requirement for large-scale pro-
duction. Furthermore, in view of the light-harvesting ability, the onset
absorption of FOEH-2F based on a pyran-fused backbone redshifts
significantly towards NIR region with respect to that of F-EH-2F or other
F-series NFAs mentioned above. As expected, when blending FOEH-2F
with a well-known PM6 donor as the active layer of OSCs [51], a good
PCE of 14.53% can be achieved with a markedly increased Js. of 22.81
mA cm ™2 comparing to that (17.71 mA cm™2) of OSC based on F-EH-2F.
More importantly, when blended with another preferable donor D18
[52-55], FOEH-2F affords a considerably higher PCE of 15.51%, along
with the overall upgraded V, of 0.880V, J of 23.75 mA cm ™2 and FF of
74.2%. Note that D18:FOEH-2F system is one of the most efficient
material systems for high performance OSCs beyond Y6 systems, in
addition to its advantages in terms of simple and efficient synthesis.

2. Results and discussion
2.1. Synthesis and thermal stability

The synthetic routes to F-EH-2F and FOEH-2F were depicted in
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Scheme 1b, which are similar to that in our previous reports [42,43,56].
Quite different from Y-series NFAs, both molecules could be obtained
with over 85% yields in each step from commercially available raw
materials. The involved reactions are all classical reactions with rela-
tively mild conditions, in favor of large-scale production and commer-
cialization. The detailed synthesis procedures were described in Scheme
S1 (Supporting Information) and the chemical structures of all the in-
termediates and targeted NFAs have been fully characterized and
confirmed by their Bii NMR, 13¢ NMR and HRMS analysis (Fig. S7~20).
Both NFAs exhibit a good solubility over 10 mg/mL in common organic
solvents, such as chloroform, chlorobenzene and toluene, which will be
beneficial for the solution-processing device fabrication. In addition,
based on the acquired thermogravimetric analysis (TGA) curves shown
in Fig. S1, both NFAs of F-EH-2F and FOEH-2F possess good thermal
stability with high decomposition temperatures (T4) of 317 and 322 °C,
respectively.

2.2. Light absorption and energy levels

The normalized ultraviolet-visible (UV-vis) absorption spectra of
NFAs in both chloroform solutions and thin films were shown in Fig. 1a,
and the detailed parameters were summarized in Table 1. As it can be
expected, FOEH-2F displays the maximum absorption peak (%) of
705 nm in chloroform solution, red-shifting by 34 nm comparing to that
of 671 nm for F-EH-2F, demonstrating that the electron-rich oxygen
insertion into the backbone could work as an effective strategy to
construct NIR NFAs. From solutions to solid films, much red-shifted
absorptions could be observed for both NFAs with maximum absorp-
tion peaks (ﬂfjll;’}() at 698 nm for F-EH-2F and 781 nm for FOEH-2F. Note
that a ~76 nm red-shift has been observed for FOEH-2F from solution to
solid film, much larger than that of ~27 nm for F-EH-2F, suggesting a
stronger intermolecular action for FOEH-2F [57]. As a consequence,
F-EH-2F and FOEH-2F films possess onset absorptions (ﬂomet) at 753 and
852 nm, corresponding to an optical bandgap (Eg ") 0of 1.65 and 1.46 eV,
respectively. Note that FOEH-2F film displays a highly strong absorption
in a broad wavelength range of 650-850 nm, which is complementary to
those of the state-of-the-art polymeric donors of PM6 and D18 (Fig. 1b),
rendering PM6:FOEH-2F or D18:FOEH-2F blends promising for effi-
cient OSCs with relatively large Jg.
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Scheme 1. (a) Chemical structures of acceptors F-EH-2F, FOEH-2F and donors PM6, D18; (b) the detailed synthetic routes of two acceptors.
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Fig. 1. (a) The normalized absorption spectra of F-EH-2F and FOEH-2F as pristine films and in chloroform solution; (b) blend films; (c) the energy levels of F-EH-2F,
FOEH-2F, PM6 and D18 estimated from CV; (d) Inverted device structure of the OSCs; (e) J-V characteristics; (f) EQE spectra of OSCs based on F-EH-2F and FOEH-

2F at optimal conditions.

Table 1
Optoelectronic properties of F-EH-2F, FOEH-2F, PM6 and D18.
Comp.  jsl Mmoo pfim g HOMOf!m  LUMO™™  ESY
mm)*  (m) (am) (V) (eV) QY] (eV)*
F-EH- 671 698 753 1.65 —5.65 —3.84 1.81
2F
FOEH- 705 781 852 1.46 —5.61 -3.91 1.70
2F
PM6 616 624 684 1.81 —5.48 —3.66 1.82
D18 584 581 625 1.98 —5.51 —-2.77 2.74

2 The %%, obtained from the dilute solution in CF.
b The optical bandgap estimated from the absorption onset. E‘épt = 1240/
Aim

onset
¢ The energy gap derived from cyclic voltammetry measurement.

The electrochemical behaviors of FOEH-2F and F-EH-2F have also
been investigated by cyclic voltammetry (CV) in Fig. S2. The derived
energy levels of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are presented in Fig. 1c
and Table 1. The HOMO and LUMO energy levels of F-EH-2F locate at
—5.65 and —3.84 eV, respectively. Note that an upshifted HOMO of
—5.61 eV and downshifted LUMO of —3.91 eV can be afforded by FOEH-
2F, giving rise to a much narrower bandgap of 1.70 eV in comparison to
that of 1.81 eV for F-EH-2F. The largely decreased bandgap of FOEH-2F

derived from CV is caused by the markedly electron-rich backbone after
oxygen insertion and also in good accordance with the optical bandgap
obtained from their film absorptions. It is worth mentioning that the
energy levels of both FOEH-2F and F-EH-2F could well match with those
of state-of-the-art polymer donors PM6 and D18, affording the sufficient
driving forces for exciton dissociation. The alignment of energy levels
derived from CVs also agrees well with the calculated ones by employing
density functional theory (DFT) at the B3LYP/6-31G* level (Fig. S3). In
addition, planar geometries can be maintained by both FOEH-2F and F-
EH-2F, mainly due to their rigid donor backbones and also S-O sec-
ondary interaction with electron-withdrawing terminals. The preferable
planar backbone will be in favor of the ordered and compact molecular
packing, and thus improved charge transport properties [43-45].

2.3. Photovoltaic properties

In order to evaluate the photovoltaic properties of F-EH-2F and
FOEH-2F, OSCs with an inverted architecture of indium tin oxide (ITO)/
ZnO/PFN-Br/Active layers/MoOs/Ag were fabricated (Fig. 1d). The
selected polymeric donors are PM6 and D18 because of their suitable
energy levels and complementary absorptions. The detailed photovol-
taic parameters for champion OSCs based on F-EH-2F and FOEH-2F are
depicted in Table 2, and the corresponding J-V characteristics are shown
in Fig. le.

As shown in Table 2, when blended with PM6, the optimized OSC
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Table 2
Parameters of the optimized devices based on F-EH-2F and FOEH-2F.
Active Voo (V) Jse (MA Jeal (MA FF (%) PCE (%)h
layers cm ) cm )¢
PM6:F- 0.963 17.71 17.62 70.8 12.08
EH-2F (0.968 + (17.20 = (70.5 £ (11.73 +
0.003) 0.22) 0.5) 0.15)
PM6: 0.869 22.81 22.13 73.3 14.53
FOEH- (0.863 + (22.59 + (73.3 £ (14.28 +
2F 0.004) 0.29) 0.8) 0.17)
D18: 0.880 23.75 23.08 74.2 15.51
FOEH- (0.879 + (23.62 + (73.8 £ (15.28 +
2F 0.004) 0.34) 0.9) 0.14)

# Jeal integrated from the EQE spectrum.
b The average values from 10 devices.

(a)
—~ 10}
'
£
]
<
é Pdiss
S —&— PM6:F-EH-2F 93.7%
) =~ PM6:FOEH-2F 95.3%
1l —e— D18:FOEH-2F 95.5%
0.01 0.1 1 10
Vg (V)
(c)
100 A PM6:F-EH-2F 1.41kTiq
» PM6:FOEH-2F 1.35 kTiq
e D18:FOEH-2F 1.23 kT/q
0.95}
2 0.0}
8
>
0.85}
0.80}
0.75 b L
10 100
Light intensity (mW cm™2)
(e)
1.0f
t
o 08}
S
S
3 — PM6:F-EH-2F 1=0.55 ps
k-] 0.6 — PM6:FOEH-2F 1=0.51 ps
° — D18:FOEH-2F 1=0.45 ps
L
q_0.4 +
£
00.2}
4
0.0—
[} 1 2 3
Time (us)

Organic Electronics 106 (2022) 106541

based on PM6:F-EH-2F blend affords a PCE of 12.08% with a large V. of
0.963V, J,c0f 17.71 mA em 2 and FF of 70.8%. It is worth noting that a
significantly improved PCE of 14.53% can be achieved by PM6:FOEH-
2F based OSC, along with a greatly enlarged Ji. of 22.81 mA cm ™2, good
Vo 0f 0.869 V and notable FF of 73.3%. Apparently, comparing to that of
F-EH-2F, the markedly improved J;. of FOEH-2F based device mainly
originates from its significantly enhanced film absorption in NIR region
(Fig. 1b) and larger EQE values discussed below. Whereas the much
higher V. of F-EH-2F based device should be ascribed to the high-lying
LUMO energy levels of F-EH-2F comparing to that of FOEH-2F (Fig. 1c¢).
In view of the already obtained encouraging results for PM6:FOEH-2F
based OSCs, we further blended FOEH-2F with a well-known polymeric
donor D18, which possesses a downshifted HOMO (thus a higher theo-
rical Vi) and higher crystallinity with respect to that of PM6 [51,52]. As
a result, a considerably higher PCE of 15.51% was achieved by D18:
FOEH-2F based OSC with an overall upgraded V,. of 0.880 V, Js. of

(b)
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Fig. 2. (a) Jph vs Vg curves of the optimized devices; (b) The PL spectra of pure NFAs films and blend films; (c) V. versus light intensity; (d) Js. versus light intensity;

(e) TPC curves; (f) TPV curves.
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23.75 mA cm 2 and higher FF of 74.2% comparing to that of PM6:
FOEH-2F based device. Combining this considerable PCEs and easy
synthesis features discussed above, FOEH-2F has been proven to be
among the best NFAs beyond Y-series.

The improved performance of OSCs based on FOEH-2F, relative to
that of F-EH-2F, should be mainly attributed to the markedly enlarged
Jse, which is in good accordance with the EQE spectra recorded in Fig. 1f.
Note that FOEH-2F based devices display a much broader photo-
electron response up to 852 nm with the maximum EQE values of
~87% for PM6:FOEH-2F and ~92% for D18:FOEH-2F, much better
than that of PM6:F-EH-2F based OSCs with the photo-electron response
limiting to 753 nm and the maximum EQE values of ~82%. Therefore,
the much larger integrated Js. of 22.13 and 23.08 mA cm 2 could be
afforded by PM6:FOEH-2F and D18:FOEH-2F based devices, respec-
tively, comparing to that of 17.62 mA cm 2 for PM6:F-EH-2F based one.
The broader EQE range of FOEH-2F based OSCs should be attributed to
their enhanced NIR film absorptions, whereas the superior maximum
EQE values should be ascribed to the more favorable film morphologies
discussed below. Note that all the integrated Jy. values are in good
agreement with that from J-V measurements, and the deviations are
within 5%.

2.4. Charge dynamics

To further clarify the differences in EQEs and FFs of the three blends
based OSCs, the exciton dissociation properties were first investigated
by measuring the relationship of the photocurrent density (Jpn) and
effective voltage (Veg). The exciton dissociation probability Pgiss (E, T)
could be indicated by the ratio of Jpy t0 Jsat, Where Jgy is the saturated
Jpn at a sufficiently high Ve, and all the photogenerated excitons could
be dissociated into free carriers and completely collected by the elec-
trodes [58]. As shown in Fig. 2a, the values of Pgiss (E, T) for PM6:
F-EH-2F, PM6:FOEH-2F and D18:FOEH-2F based OSCs are 93.7%,
95.3% and 95.5%, respectively, indicating an efficient and also
improved exciton dissociation for FOEH-2F based device with respect to
that of F-EH-2F based one. This can be further verified by the slightly
more intensive photoluminescence quenching of 97.6% and 97.3% for
PM6:FOEH-2F and D18:FOEH-2F blended films in comparison with
that of 96.6% for PM6:F-EH-2F blend as displayed in Fig. 2b.

In addition, the light intensity (Pjign;, which varies from 10 to 100
mW cm™2) dependence of Jy and V,. were also measured in order to
investigate the charge recombination kinetics in OSCs, and the corre-
sponding characteristics have been plotted in Fig. 2¢ and d. Among
them, the relationship between Js. and Pyign should follows the equation:
Jsc o« P%, where o is defined as an exponential factor and could indicate
the weak bimolecular recombination if the a value is close to unity [59].
As illustrated in Fig. 2d, the o values of the three devices based on PM6:
F-EH-2F, PM6:FOEH-2F and D18:FOEH-2F are estimated to be 0.971,
0.973 and 0.970, respectively, indicating that the bimolecular recom-
bination is significantly suppressed in these systems. Additionally, the
slope (nkT/q) of V,. versus the natural logarithm of Pjigp, is usually
regarded as the indicator to reflect the charge recombination properties
in OSCs under open-circuit condition [60]. As depicted in Fig. 2¢, D18:
FOEH-2F, PM6:FOEH-2F and PM6:F-EH-2F based devices exhibit the
slopes of 1.23, 1.35, and 1.41kT/q, respectively. The smaller slopes of
FOEH-2F based devices suggest lower amount of trap-assisted recom-
bination losses especially for that of D18:FOEH-2F, which should ac-
count for the slightly larger Js. and FF with respect to that of PM6:
FOEH-2F based device.

Transient photocurrent (TPC) and transient photovoltage (TPV)
measurements were also applied to monitor the charge extraction be-
haviors and charge carrier lifetimes, respectively. For TPC measure-
ments, a shorter charge extraction time indicates that the free charge
carriers can transport faster in the active layer once they are generated
at the D/A interface [61]. As it can be observed from Fig. 2e, the charge
extraction times of PM6:F-EH-2F, PM6:FOEH-2F and D18:FOEH-2F
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based devices are 0.55, 0.51 and 0.45 ps, respectively, indicating that all
of them have efficient charge transport but slightly better for D18:
FOEH-2F. For TPV tests, a rapid voltage decay usually suggests a large
charge recombination in OSCs [62]. As shown in Fig. 2f, the lifetime of
charge carriers in F-EH-2F based device is calculated to be 36 ps,
whereas the much prolonged lifetimes of 50 and 110 ps can be observed
by PM6:FOEH-2F and D18:FOEH-2F based devices, respectively. This
indicates that the carrier recombination is greatly inhibited in FOEH-2F
based devices especially for that of D18:FOEH-2F, which is in agree-
ment with the suppressed trap-assisted recombination observed in
Fig. 2¢c. Moreover, charge transport properties of the blended films were
further investigated by the method of space-charge-limited-current
(SCLQ). The detailed plots and parameters are shown in Fig. S4 and
Table S1. In general, PM6:FOEH-2F and D18:FOEH-2F photoactive
layers exhibit overall ungraded hole/electron mobility (u./un) of 2.57 x
1074/1.87 x 10~ and 2.81 x 1074/2.23 x 10 * em? v 1s7}, respec-
tively, better than that of PM6:F-EH-2F based blends (1.46 x 1074/0.99
x 107* ecm? V! s71). The both enlarged hole and electron mobility of
FOEH-2F based devices should contribute to their improved Jg. and FF.
Note that the D18:FOEH-2F blended films afford a hole/electron
mobility ratio of 1.26, more balanced than that of 1.37 for PM6:
FOEH-2F blended films, which should be responsible for the simulta-
neously enhanced Js. and FF of D18:FOEH-2F based OSCs [63].

To sum up, FOEH-2F based devices possess slightly improved exciton
dissociation efficiencies, better charge carrier transport properties and
lower degree of charge recombination with respect to that of F-EH-2F
based devices. All the favorable factors mentioned above in combination
support the high J. and FF values of FOEH-2F based devices. We also
found that a suppressed charge recombination and more balanced hole/
electron mobility can be achieved after varying the polymeric donor
from PM6 to D18 originating from D18’s higher crystallinity. This
should account for the further improved Js. and FF for D18:FOEH-2F
based OSC with respect to that of PM6:FOEH-2F based ones.

2.5. Morphology analysis

The microscopic morphology of the active layer usually plays a
dominant role in the exciton dissociation, charge transport and recom-
bination dynamics and thus their photovoltaic performance OSCs [64].
Therefore, atomic force microscopy (AFM) and transmission electron
microscopy (TEM) technologies were firstly employed to unveil the
morphology change of these active layers at a level of nanoscale. As
observed from the AFM images in Fig. 3a~c, the root-mean-square
(RMS) roughness values of PM6:F-EH-2F, PM6:FOEH-2F and D18:
FOEH-2F blend films can be determined as 1.53, 1.08 and 1.09 nm,
respectively. Note that both FOEH-2F based systems exhibit more uni-
form and smooth upper surface topographies than that of F-EH-2F based
one, which could ensure the intimate contacts with the charge transport
layers and thus the efficient charge transfer at the interface. For a
preferred blend morphology, bi-continuous interpenetrating networks
and nanoscale phase separations are required. Fig. 3d~f displayed the
TEM images of these three blended films, demonstrating clear fiber
structures and nanoscale phase separation in FOEH-2F based blends
especially for that of D18:FOEH-2F. In sharp contrast to that of PM6:
F-EH-2F blend, the fiber structures of FOEH-2F based blends should
result from its stronger molecular aggregation behavior discussed
below. Note that compared with PM6:FOEH-2F, more clear fibers could
be observed by D18:FOEH-2F blend, which is possibly due to the much
higher crystallinity of D18 with respect to that of PM6 [52]. Originating
from the above favourable morphology, Js. and FF of the FOEH-2F based
devices are improved simultaneously from PM6 to D18.

In order to further provide a deeper insight into the effects of oxygen-
inserted backbone of FOEH-2F on its molecular packing, the grazing-
incidence wide-angle X-ray scattering (GIWAXS) was performed. The
resulting 2D GIWAXS patterns and 1D profiles of both pristine NFAs and
blends have been depicted inFig. 4af and Fig. S5a5d. As shown in Fig. 4a,
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b and Table 3, FOEH-2F neat film exhibits a more preferential face-on
orientation than F-EH-2F, indicated by the stronger (010) diffraction
peak in the out-of-plane (OOP) direction [43,47]. Moreover, quite
different from that of F-EH-2F, numerous obvious diffraction rings
located at a range of 0.5-2 A~1in both in-plane (IP) and OOP directions
have been observed for FOEH-2F neat film, indicating that FOEH-2F is
highly crystallized [65]. Among them, the diffraction rings locating at q,
of 0.53, 1.26 and 1.48 A™! are preferentially stronger in the OOP di-
rection, which should be indexed as the (001), (002) and (003)
diffraction peaks of flat-on lamellar crystalline of FOEH-2F backbone,
while the diffraction peak at q, = 1.86 A~1is attributed to the (010) n-n

stacking within FOEH-2F crystals [65]. Besides, both F-EH-2F and
FOEH-2F exhibit strong (010) peaks in the out-of-plane direction,
locating at 1.81 and 1.86 A~! for F-EH-2F and FOEH-2F and corre-
sponding to the n—n stacking distance (dgig) of 3.46 and 3.38 A,
respectively. As a result, the molecular packing is getting more compact
from F-EH-2F to FOEH-2F, thus leading to a larger red-shifted absorp-
tion, improved charge transport and suppressed charge carrier recom-
bination discussed above. In addition, as shown in Fig. S6b~6d, the
same phenomenon could be also observed by the two polymeric donors
of PM6 and D18, unveiling that D18 possesses a stronger crystallinity in
comparison with that of PM6, which is in good accordance with the
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Table 3
Summary of the GIWAXS parameters for blend films.
Active Q (010, D (010, FWHM CCL Q (100, D (100,
layers A hye A 010,A°° (010, A A)
Ry
F-EH-2F 1.81 3.46 0.43 13.04 0.35 18.11
FOEH-2F 1.86 3.38 0.18 31.16 0.35 18.11
PM6:F- 1.82 3.45 0.26 21.81 0.31 20.19
EH-2F
PM6: 1.79 3.51 0.30 18.71 0.33 19.30
FOEH-
2F
D18: 1.80 3.49 0.30 19.08 0.33 18.88
FOEH-
2F

2 The location of diffraction peaks.

b The n-n stacking distance.

¢ The full width at half maxima of peaks.

4 The crystal coherence lengths calculated from the Scherrer equation: CCL =
2nk/FWHM.

literature report [22,66].

As for the blended films of PM6:F-EH-2F, PM6:FOEH-2F and D18:
FOEH-2F in Fig. 4d~f, the predominant face-on orientation of NFAs’
molecular packing was preserved. As summarized in Table 3, the (010)
peaks of PM6:FOEH-2F and D18:FOEH-2F are located at 1.79 and 1.80
/o\’l, corresponding to a n-n stacking distance (dp1¢) of 3.51 and 3.49 f\,
respectively. Accordingly, the coherence lengths of the n-n stacking
(CCLg10) for PM6:FOEH-2F and D18:FOEH-2F blends were obtained
based on the Scherrer equation (CCL = 2zk/FWHM), being 18.71 and
19.08 A, respectively. The stronger n-r stacking and slightly enlarged
CCL in D18:FOEH-2F blend comparing to that of PM6:FOEH-2F should
be caused by the higher crystallinity of D18, resulting in better electron
transport properties, more suppressed charge recombination and thus
improved Js. and FF of the devices [66].

2.6. Ejss analysis

To disclose the inner relationship of structure-energy loss (Ejoss), we
analysed the Ej,ss of OSCs based on the detailed balance theory [67].
According to the Shockley-Queisser (SQ) limit, Ejoss in OSCs contains
three parts [27], as shown in the following formula:

Eiss = (Eg_qVSQ) + (qvjcg_qv;gd) + (qud—un[)

oc oc

= AE, + AE, + AE;

Among them, the energy bandgaps (Eg) of OSCs could be estimated
from the intersection of the optical absorption and EL curves of corre-
sponding blend films [67], being 1.704 eV for PM6:F-EH-2F, 1.557 eV
for both PM6:FOEH-2F and 1.548 eV for D18:FOEH-2F blends
(Fig. S6a, b, ¢). Thus the total Ej.ss of OSCs can be calculated based on
the following equation: Ej, = (E; — qV,), being 0.733, 0.691 and
0.665 eV for PM6:F-EH-2F, PM6:FOEH-2F and D18:FOEH-2F, respec-
tively, demonstrating a great reduction of Ej. after adopting
oxygen-inserted backbone in FOEH-2F acceptor (see Table 4).

In order to get a deeper insight into the origin of energy losses in
OSCs studied here, all the three parts of energy losses have been eval-

Table 4
Detailed energy losses of three OSCs based on F-EH-2F and FOEH-2F.
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uated. The detailed calculation method of three parts of energy losses
was depicted in Supporting Information. Among them, AE; is the radi-
ative loss above bandgap and unavoidable in all types of solar cells [67].
The values of AE; are determined by the energy offset between the
bandgap (E;) of OSCs and the gV, in the Shockley-Queisser (SQ) limit
(qV359), which have been calculated as 0.281, 0.272 and 0.272 eV for
PM6:F-EH-2F, PM6:FOEH-2F and D18:FOEH-2F based OSCs, respec-
tively. AE; represents the radiative loss below bandgap and can be
evaluated by the energy offset between gV and gV, in the radiative
limit (qV{)‘Cld). Note that relatively smaller AE; of 0.126 and 0.115 eV
have been achieved by PM6:FOEH-2F and D18:FOEH-2F based OSCs
with respect to that of 0.130 eV for PM6:F-EH-2F based one. AEj in-
dicates the non-radiative energy loss and reflects the energy offset be-
tween qV'% and qV,. existing in real OSCs. The greatly suppressed
non-radiative recombination with much reduced AE3 of 0.293 and
0.278 eV has been achieved by PM6:FOEH-2F and D18:FOEH-2F based
OSCs, respectively, in sharp comparison to that of 0.322 eV for PM6:
F-EH-2F (Fig. 5a). Moreover, the reduced AE;3 for FOEH-2F based OSCs
could be further confirmed by their much higher external electrolumi-
nescence quantum efficiency (EQEgy) as shown in Fig. 5b. Therefore, the
much lower energy losses achieved by FOEH-2F based OSCs should be
ascribed to the suppressed recombination especially for the
non-radiative recombination.

As proved by recent studies [68-71], non-radiative recombination
loss (AE3) and energetic disorder, which are closely related to the tail
states below the band edge and the over-all photon energy loss, need to
be minimized to improve cell performance [72]'In the range of low
photon energy, the optical absorption coefficient (a(E)) of disordered
organic semiconductors follows the Urbach rule as described by the
following formula [73].

a(E) = ap el(E=Eo)/Eu]

where the two constants of oy represents the optical absorption coeffi-
cient at the band edge, E is the photon energy, Ey represents the Urbach
energy which is usually described as a measure of energetic disorder
[29]. Generally, a smaller Ey indicates a smaller degree of energy dis-
order, which should be in favor of the reduction of recombination losses
in OSCs [74]. As shown in Fig. 5c, by measuring the high-resolution
Fourier transform photocurrent spectroscopy EQE spectra (FTPS-EQE),
the much smaller Ey of 26.4 and 25.8 meV can be afforded by PM6:
FOEH-2F and D18:FOEH-2F based devices, respectively, comparing to
that of 37.3 meV for PM6:F-EH-2F based one. Note that the slightly
reduced Ey of D18:FOEH-2F in comparison with that of PM6:FOEH-2F
could be also suggested by its sharper absorption onset (Fig. 1b) and
slightly enlarged CCL (Table 3) [38]. The more ordered and compact
molecular stacking of both FOEH-2F and D18 should account for the
significantly reduced energetic disorder and thus migrate the recombi-
nation loss of OSCs [22,74,75].

3. Conclusion
To sum up, two NFAs of F-EH-2F and FOEH-2F featuring with

effective synthesis, were designed and synthesized. Compared with its
control molecule of F-EH-2F, FOEH-2F with a pyran-fused backbone

Active layers Eg (eV)* qVoc (eV) qV52 (eV) qVed (eV) AE; (eV) AE; (eV) AE3 (eV) EQEg, (1074 Exp. gV (eV)” Ejos (eV)
PM6:F-EH-2F 1.704 0.971 1.423 1.293 0.281 0.130 0.322 1.42 0.230 0.733
PM6:FOEH-2F 1.557 0.866 1.285 1.159 0.272 0.126 0.293 4.31 0.201 0.691
D18:FOEH-2F 1.548 0.883 1.276 1.161 0.272 0.115 0.278 5.71 0.194 0.665

@ Band gaps estimated via the intersection of normalized absorption and EL spectra.
b The Exp. results were calculated by following the equation: qvron—red — _kTin(EQEg) [27].
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Fig. 5. (a) The Eus; distribution of the corresponding devices; (b) EQEg, curves of OSCs at various current densities; (c) The Urbach energy (Ey) by measuring the

FTPS-EQE.

exhibits a much narrower bandgap and tighter molecular stacking. As a
consequence, OSC based on D18:FOEH-2F blend affords a considerable
PCE of 15.51%, making it not only the highest value reported to date for
pyran based NFAs, but also one relatively high efficient system beyond
Y6 system. More importantly, when further taking the effective syn-
thesis of FOEH-2F into consideration, this system would offer some
advantage for large-scale production of OSCs. Our work will stimulate
further innovative explorations for active materials with both high ef-
ficiency and simple synthesis, aiming to boost OSCs towards commercial
application.
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